In order to estimate whether mastoparan 7 specifically activates plant heterotrimeric G proteins, comparisons were made between the responses of a rice normal cultivar and a rice dwarf mutant, Daikoku dl, which has a mutation in the gene of the a subunit of a heterotrimeric G protein, to mastoparan 7. First, we found that mastoparan 7 induced the activity of the a -amylase via the heterotrimeric G protein in rice embryo Iess half seeds. This observation indicated that mastoparan 7 activated the G proteins in plant cells, as does it in mammalian cells. Second, mastoparan 7 seemed to cause damages in rice cells in a G protein-independent manner under some experimental conditions.
Introduction
The genes and CDNAS for the putative a and ~ subunits of heterotrimeric G proteins have been isolated from diverse plant species on the basis of sequence similarities with the corresponding mammalian proteins (Ma, 1994; Hooley, 1999) . In the case of a subunits, the CDNAS Were shown to actually encode the (~! Subunits; namely, recombinant proteins prepared with the cDNAs were found to possess properties similar to those of the mammalian subunits (Iwasaki et al., 1997; Wise et al., 1997) . Plant heterotrimeric G proteins have been proposed to function in the transduction of the following signals: elicitors (Blumward et al., 1998), light (Barbier-Brygoo et al., 1997; Barnes et al., 1997) , and phytohormones such as auxin (Scherer, 1992) and gibberellin (Jones et al., 1998; Lovegrove and Hooley, 2000) . The proposals have been made mainly based on studies with activators and inhibitors of mammalian G proteins, such as mastoparan, GTP 7 S, cholera toxin, and pertussis toxin.
Mastoparan, a cationic-amphiphilic tetradecapeptide isolated from wasp, and its analogs are well known to activate mammalian heterotrimeric G proteins even in the absence of signal-receptor molecules and can be taken up by intact cells (Higashijima et al., 1990) . Thus, mastoparan and its analogs, mastoparan 7 (active analog) and mastoparan 17 (inactive analog), would be useful tools for examining whether a given external signal is mediated by the G proteins in plant cells. GTPyS is a similar tool but cannot be taken up by plant cells, and thus it can only be used in limited experiments such as those employing microinjection techniques. Precise investigations with mammalian cells have revealed, however, that mastoparan activates not only heterotrimeric G proteins but also some other proteins including calmodulin and phospholipase (Haas et al., 1994; Ross and Higashijima, 1994) . Thus, the question of whether mastoparan and its analogs specifically act on plant heterotrimeric G proteins needs to be answered in order to accurately evaluate previous findings on the functions of plant G proteins.
Our previous work showed that a rice dwarf mutant, Daikoku dl, had a mutation in the gene for the a subunit of a heterotrimeric G protein (RGA1) (Fujisawa et al., 1999) . Since the rice genome seems to contain only one a -subunit gene (Ishikawa et al., 1995) , the mutant would be lacking in the a subunit. If the mutant dose not respond to an external signal but its recurrent parent, a normal cultivar, does, then the G protein could be considered to be involved in the signal transduction in the normal cultivar. Similarly, a comparison of responses of the mutant to mastoparan 7 and mastoparan 17 with those of the normal cultivar would help to show whether or not the analogs exert nonspecific action on cell components other than the G proteins. We report that, at least in rice cells, mastoparan 7 only at limited concentrations specifically activates the heterotrimeric G protein, but high concentrations of the chemicals causes some side effects. 
Materials and Methods

Materials
Suspension Culture
Dehusked mature seeds were sterilized and placed on a callus-induction agar plate. The plate (pH 5.8) contained the following components per liter; sucrose (30 g), casamino acids (300 mg), L-proline (2878 mg), glycine (2 mg), nicotinic acid (0.5 mg), pyridoxine-HCI (0.5 mg), thiamine-HCI (1 mg), myo-inositol (100 mg), 2,4-dichlorophenoxyacetic acid (2 mg) and Gelrite (4 g) in addition to CHU [N6] Basal salt mixture (Sigma). After incubation at 30~) for 3 weeks, the proliferated calli derived from the scutella were transferred to a modified N-6 medium. The modified N-6 medium (pH 5.8) contained the following components per liter; sucrose (30 g), glycine (2 mg), nicotinic acid (O.5 mg), pyridoxine-HCI (0.5 mg), thiamine-HCI (0.1 mg), myo-inositol (100 mg) and 2,4-dichlorophenoxyacetic acid (1 mg) in addition to KN03 (2.83 g), (NH4)'_S04 (0.463 g), KH2P04 (0.4 g), CaC12-2H20
(166 mg), MgS04-7H20 (185 mg), FeSO~-7H20 (5.6 mg), Na2EDTA (7.5 mg), CoC12-6H20 (0.025 mg), NaM04 -2H20 (O.25 mg), CuS04 -5H20
(0.025 mg), KI (0.8 mg), ZnS047H20 (1.5 mg), H:~ B04 (1.6mg) and Assay of a -Amylase Activity in Embryo-Less Half-
Seed s
Six embryo-less half-seeds were hulled and placed in the small wells on a plate. They were surface-sterilized for 15 min in 1% NaCIO and washed with sterile distilled water. The half seeds were incubated in 0.5 ml of a culture medium (10 nlM sodium acetate, pH 5.3, containing 2 mM CaC12) supplemented with mastoparan 7, mastoparan 17 or gibberellic acid (GA3) at the designated concentrations at 30'C in the dark. After incubation for 4 d, the half seeds were homogenized with the incubation medium and an additional O.5 ml of the culture medium, and the homogenate was centrifuged at 15.000g for 10 min. The supernatant was assayed for a -amylase activity as described previously (Perata et al. , 1992) .
[35S] GTP7 S Binding Activity
The activity of [35S] GTP7S-binding to rice plasma membrane was quantitated at 25 'C as described previously (Iwasaki et al. , 1997) .
Measurements of lon Concentrations in Suspension Cultures
Rice suspension-cultured cells (2 g fresh weight) collected on 3 d after subculture were suspended in 8 ml of the modified N-6 medium (fresh suspension cells) and incubated at 30'C for 2 h with shaking at 120 rpm to generate an aerobic steady state. After mastoparan 7 or mastoparan 17 was added to the cell suspension, the extracellular pH and K+ or Ca'~+ concentrations were monitored with a pH electrode and a K+ _ or Ca2+-selective electrode, respectively.
Incorporation of Evans Blue into Suspension -Cultured Cells
Mastoparan 7 or mastoparan 17 at various concentrations was added to 4 ml of the freshly prepared cell suspension, and then the suspension was washed twice with I ml each of 6% sucrose solution. To 0.1 g cells, I ml of an extraction buffer consisting of 25% (v/v) dimethylformamide and 1% SDS was added. After being incubated at 50'C. for 30 min, the suspension was centrifuged at 10,000g for I min, and the supernatant was measured for Aeoa'
Results
Immunoblot Analysis of Plasma Membrane Fractions from Rice Normal Cultivar and Daikoku dl
The rice dwarf mutant, Daikoku dl, is defective in the gene (RGA1) of the a subunit of a heterotrimeric G protein (Fujisawa et al., 1999) . Three alleles of Daikoku dl, DK22, CM1361-1 and T65dl, used in this study have mutations in the coding region; the sites of mutation in the three alleles are shown at the positions on RGAI cDNA in Fig. 1 . Since there seems to be only a single gene for the a subunit in the rice genome (Ishikawa et al., 1995) , the mutant is thought to be entirely lacking in the a subunit. In order to confirm this, the plasma membrane fractions from the three alleles and their recurrent parents were assayed for a subunit content by Western blot analysis using a 45-kDa polypeptide localized in the plasma membrane fractions from either the whole plants (7 -d-old etiolated seedlings) or suspension-cultured cells of the normal cultivars (Fig. IB) . In the case of Daikoku dl, no a subunit was detected in any of the membrane fractions from the whole plants or suspension-cultured cells of three alleles, confirming that Daikoku dl contains no a subunit.
Induction of a -Amylase b), Mastoparan 7
Incubation of the embryo-less half seeds of a normal cultivar (Nipponbare), but not Daikoku dl, with I nM GA3 resulted in induction of a -amylase activity (the rightmost part in Fig. 2) . These results confirm the published report (Mitsunaga et al., 1994) that Daikoku dl is a mutant insensitive to gibberellin.
When the embryo-less half seeds of thc normal cultivar were incubated with mastoparan 7 in a concentration range of 2-8 nM, the a -amylase activity induced a maximal level was observed with the chemical at 4 f~M (Fig. 2) . Mastoparan 7 slightly induced c~ -amylase activity in embryo-less half seeds of Daikoku dl, but the induced activity in Daikoku dl was much less than that in the normal cultivar. The difference in the induced activity between the normal cultivar and Daikoku dl was most striking for 4 flM mastoparan 7. 
GTP7S-binding Activity of Plasma Membrane Fractions
The binding activity of GTP7 S to proteins in the plasma membrane fractions from whole rice plants (7-d-old etiolated seedlings) was markedly stimulated by 100 /lM mastoparan 7, but not by the same concentration of mastoparan 17, for both normal cultivar (Nipponbare) and Daikoku dl (Fig. 3A) . Since no difference was observed in the GTP7S-binding activity stimulated by 100 !lM mastoparan between the normal cultivar and Daikoku dl, the binding activity stimulated by 100 flM mastoparan would be due to other types of GTP-binding protein and not the RGAI protein. Low concentrations (0.1 -20 /d:M) of mastoparan 7 only slightly stimulated the activity for both rice lines, and there were no differences in the magnitude of stimulation between mastoparan 7 and mastoparan 17 at such low concentrations (Fig. 3A) . As the GTP,yS-binding activity was not markedly stimulated by 4 I/M mastoparan 7, which optimally induced a -amylase activity in the embryo-less half seeds of the normal cultivar, the GTPyS-binding activity of hetero- mastoparan 17 ( Fig. 3B ; note the scale on the ordinate). Again no differences were observed in the stimulated activity between the fractions from the normal cultivar and Daikoku dl (Fig. 3B) . The question why 100 f!M mastoparan 7 strikingly stimulated the binding activity of the plasma membrane fractions from the whole plants, but not those from the suspension-cultured cells, remained to be solved.
Increase of pH and K+ and Decrease of Ca~'+ in Medium Caused by Mastoparan 7
Mastoparan 7, but not mastoparan 17, at a concentration of 10 f~M caused increases in pH and Kconcentration and a decrease in Ca~~+ concentration in the suspension-culture medium of either the normal cultivar (Nipponbare) or Daikoku dl (Fig.  4) . The pH in the medium increased very rapidly within I min and reached a maximum at 4 min after addition of mastoparan 7; namely, pH in medium changes from 4.50 to 4.68 after addition of mastoparan 7 (Fig. 4A) . The increasing profiles in the suspension cultures derived from the normal cultivar and Daikoku dl were the same. No changes in the pH occurred when mastoparan 17 was added to the cultures (Fig. 4A) . The concentration of K+ in the medium jumped from almost O to 25-30 IIM under the present experimental conditions within 10 s after the application of mastoparan 7, then gradually decreased to reach a steady state of about 7 11 M K+ (Fig. 4B) . Mastoparan 17 caused similar, but unremarkable, changes in the concentration. No significant differences were observed in the changes between the normal cultivar and Daikoku dl. The Ca2+ concentration of the medium decreased within l min and reached a constant level at 4 min after the application of mastoparan 7 (Fig. 4C ). There were no notable differences in the decrease in the Ca2+ concentration between the suspension cultures derived from the normal cultivar and Daikoku dl.
Mastoparan 17 essentially had no effect on the changes.
Incorporation of Evans Blue into Rice Suspension Cel Is
We checked for damage of rice suspension-cultured cells by mastoparan 7 and mastoparan 17, 
Discussion
In a previous study, we showed that a dwarf rice mutant. Daikoku dl, had a mutation in the gene (RGA1) of the a subunit of a heterotrimeric G protein, indicating involvement of the G protein in the normal development of rice plants (Fujisawa et al., 1999 ). The present work shows that the mutant actually lacks the subunit (RGAI protein; Fig. l) .
Thus, this mutant can be used to study whether the G protein is involved in the responses of rice cells to a given external stimulus by comparing between the responses of Daikoku dl and its recurrent parent, a normal cultivar. In the present study, we used this system to examine whether or not a mastoparan analog, mastoparan 7, specifically activates the heterotrimeric G protein in rice cells.
As Daikoku dl has been suggested to be a gibberellin insensitive mutant (Mitsunaga et al., 1994) , Daikoku dl was used to study the involvement of the G protein in the gibberellin signaling (Ueguchi-Tanaka et al., 2000) . Genes of a -amylase and GAmyb, a transcription factor for the (~ -amylase gene, are known to be up-regulated genes by gibberellin (Mitsui and Itoh, 1997; Lovegrove and Hooley, 2000) . These mRNAs were induced in normal cultivar seeds, but not Daikoku dl, when gibberellin (GA3) at concentrations below 10~7 M was applied to embryo-less half seeds of rice.
However, these mRNAs were induced in Daikoku dl and normal cultivar seeds, when gibberellin (GA3) at concentrations higher than 10~7 M was applied to embryo-less half seeds of rice. On the basis of these results, it has been proposed that there may be at least two different pathways in gibberellin signaling in rice and that the heterotrimeric G protein may appear to be involved in a signaling pathway of GA3 at low concentrations, but not at high concentrations (Ueguchi-Tanaka et al. , 2000) . Namely, rice heterotrimeric G protein seems to be a positive regulator for signaling with low concentrations of gibberellin. The present work also showed that the activity of a -amylase was induced in the embryo-less half seeds of normal cultivar rice, but not of Daikoku dl, when gibberellin (GA3) at I nM was applied to the seeds (cf. The rightmost part of Fig. 2) . Thus, we expected that a comparison between Daikoku dl and normal cultivar rice as to the induction of a -amylase in seeds by mastoparan 7 might reveal the specificity of the effect of mastoparan 7 upon the G protein.
Mastoparan 7 (active analog), but not mastoparan 17 (inactive analog), at concentrations around 4 !lM caused induction of a -amylase activity in the seeds of a normal cultivar, Nipponbare (Fig. 2) . Similar observations were reported in wild oat aleurone (Hooley, 1998; Jones et al., 1998) . Mastoparan 7 was found to induce a -amylase synthesis with mastoparan 7 at I -4 pM, but not above 10 /lM, in oat aleurone. The result of Fig. 2 shows that mastoparan 7 actually activates the heterotrimeric G protein, although slight induction by mastoparan 7 was observed in Daikoku dl, probably due to a non -specific, weak side-action of the reagent. Mastoparan 7 at concentrations more than 4 ~lM reduced the efficiency of a -amylase induction. The decrease may result from disruption of cells by mastoparan 7; which is suggested from the data present in Fig. 4 and 5. Thus, mastoparan 7 should be used under limited concentrations for study on the functions of heterotrimeric G proteins in plants, although it actually activates the G proteins.
Plant heterotrimeric G proteins have been proposed to mediate elicitor signals on the basis of the effects of mastoparan and its analogs on the signal transduction (Legendre et al., 1992; Kauss and Jeblick, 1995; Hebe et al., 1999) . Studies with mastoparan and its analogs have also suggested regulation by plant heterotrimeric G proteins of phospholipase A2 (Scherer, 1992) , phospholipase C (Cho et al., 1995; Franklin-Tong et al., 1996) , and phospholipase D (Munnik et al., 1995; Wang, 1997) . In addition, Ca2+ (Gelli et al., 1997; Aharon et al., 1998) and K+ (Fairley-Grenot and Assmann, 1991; Li and Assmann, 1993; Wu and Assmann, 1994; Armstrong and Blatt, 1995) channels in plant cells has been proposed to be regulated by heterotrimeric G proteins. These proposals were partly based on the activation of ion movements by mastoparan and its analogs. Here we describe three results indicating that mastoparan 7 causes complicated events in higher plants, in addition to the activation of the heterotrimeric G proteins, when the reagent at high concentrations is applied to plant cells.
First, we found a complicated effect of mastoparan 7 on the activity of GTP7 S-binding in rice plasma membrane. No effect on the activity was observed with 1-10 f!M mastoparan 7 (Fig. 3A) . We suppose that this may be due to a little content of the heterotrimeric G protein in the membrane.
The binding activity was stimulated by 100 11M mastoparan 7, but not by the same concentration of mastoparan 17, for both the plasma membrane fractions from 7-d-old seedlings of a normal cultivar and Daikoku dl (Fig. 3A) . No stimulation of the activity was observed, however, with the fractions from suspension-cultured rice cells (Fig. 3B) .
We suspect that the stimulation may be due to activation of mastoparan-sensitive cell component(s), such as a small G protein(s), present in the seedlings but not in the cultured cells.
Second, our present work showed that mastoparan 7, but not mastoparan 17, induced the efflux of K+ and the Influx of H+ and Ca2+ from suspensioncultured cells of the normal cultivar and Daikoku dl. Considering the results presented in Fig. 5 , we propose that mastoparan 7 causes an increase in the permeability of the ions through rice plasma membrane, probably by destroying parts of the plasma membrane. Mastoparan 17 may not cause such an increase. High concentration of mastoparan 7 has been reported to generate pores in mammalian cells (Suh et al., 1996) . Thus, we would propose that a similar action is caused by high concentrations of 
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The concentration of K+ in the medium jumped within 10 s after the application of mastoparan 7, then gradually decreased to reach a steady state.
The increase of K+ in the medium may be attributable to rapid increase in the permeability, but at present we have no reasonable interpretation for the mechanisms of the decrease. The transient movement of K~ occurred both in a normal cultivar and Daikoku dl, and so it would not depend on the heterotrimeric G protein. Thus, K+ seems to move by more complicated mechanisms than do H+ and
Ca2+
The problem whether the second type of the a subunit of heterotrimeric G protein or the only a subunit exists is a point of controversy. The a subunit of heterotrimeric G protein is considered to be encoded by a single copy gene in Arabidopsis (Ma et al., 1990; Ellis and Miles, 2001) . Rice also seems to have only a single copy gene for the a subunit (Ishikawa et al., 1995; Ashikari et al., 1998) . On the other hands, information is available as to the presence of other types of molecules related to the a subunit of heterotrimeric G protein in the plant kingdom. A developmentally regulated G protein (Etheridge et al., 1999) and an extralarge G protein (Lee and Assmann, 1999) In conclusion, mastoparan and its analogs do not have very specific action on the heterotrimeric G proteins in plant cells, except for a few cases. We, therefore, suggest that the reagents should be used very carefully when examining whether heterotrimeric G proteins are involved in a given signal transduction pathway in plant cells. We propose that attention should be paid to present additional lines of evidence before conclusions would be made as to the regulation of enzymes and channels by the G proteins.
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